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. [NTRODUCTTION

A Laminar Rate sensor (LRS) is a fluidic device whith detects the
deflection of a thin laminar jet relative to its rotating housing as a
differential output across two receiver ports incercepting the jet.,  The
fluid  jet does not deflect relative to inertial space, rather, the receiver
ports themselves move, due to rotation of the housing, nut of a centered,
zero-sivnal position relative teo the jet.  Fipure 1 depicts the operation of
the device. Tae apparent angle of deflection of the laminar jet, at a
rotation rate ot -, is yiven hy

t = L. :,‘ (]\)
! K
Sav ]

where ty denotes the Clwe of Clight of a4 fluid particle trom nozzle to

receiver, vsavg che average nozzle (supple) velocitv, and 1Tois the splitter

distance. Civen that the output of the device is proportional te 1, Equation
p F » q

(1) shows that this output is directly proportional to angular rate . A

There has been a strong effort over the past decade to develop the
laminar rate sensor to the stage where it could be integrated into a missile
roll rate control system. This effort has not been a complete success.
Problem arcas have been identified, however, and some improvements in design
and perfermaince hov b oo achioved, At present, some inherent !inmiitations |
still exist. on the vse of the device. 4

Fipure 7 illustrates several designs of rate sensor. Three early
G. E. designs (Reference 1Y are illustrated in Fienres 2(1i)., 2(ii), and
2(iii).  Fach of thewe designs utilized a center dump vent and a 2-dimensional
cavitv in the free jet region., 1In addition, Jdesign 2(iii) had control ports
and a cavity deeper than the supply nozusle, Designs T and 71 were plagued
with problems cauced by receiver ' {v vortices. DNesian ITT had a rather low
momentum recovery which was attributed to the cavity depth, The splitter in
designs 2(i), (i), and 2({ii) was placed approximately 50 noez:zle widths
downstream. Tests on design 2(iii) utilizing twe proportional amplificers
veportedly indicatel a lincar range of 400 deg/sec, o threshold of opproxi-
mately 0.02 deg/ o -, md a bias deift of 0,02 dew over 30 minutes.  In light
of later tests v Mcoonnell Douplas: Astronautics Company (Reference 2)
using a more accurate testing setup, no confidence can be placed in these .
numbers.

The rate sensor design illustrated in Figure 2(iv) was adapted by
GE from a NASA/Langley design of a laminar proportional amplifier (Reference
3) which has a splitter distance of 9 nozzle widths. Originally, GE sought
to improve the gain of a 3-stage laminar proportional amplifier (LPA) gain
block. The stageable gain of the design 2(iv) was approximately 10, This
LPA performed better than anv of their designs as a laminar rate sensor (LRS) ]
and it was adopted as the standard sensor in subsequent GE LARS work (Reference
4). Tt should be noted that CGF had extreme difficultv staging their LPS's
into a 3-stage gain block. Upon adding a third stage of amplification, noise
levels increased dramatically, probably because all vents werc tied together,
allowing a feedback path to the vent and control ports of the LRS. As




i
i
|
|

recognized b (1, the laminate desigh was also a factor in the noise levels
observed. “locked port gains of the LRS, with no amplification, were reported
to be

Pa .
0,04 === at an aspect ratio of o = 0.6
dt’\’;‘,/ S
and
Pa ,
0.067  — === at o = N4

dt.‘)‘, /.\‘(‘\‘

The use of <tacked metal laminates to fabricate laminar rate
sensors and laminar sroporstonal amplifiers requires tighter tolerances than
fluidic anplit icrs operatine in the turbulent ‘low regime. Entrainment rates
of laminar jets arce extremely small and, therefore, sensitive to the exiting
velocitv profile of the jet from the supply nozzle. Small asperities on the
nozzle wall can affect these vntrainment rates and the angle of the jet at
the nozele oxit. GE tound that identical planforms etched by Bendix from
aluminum and titaniurm (dimensional repeatibility ~ 0.0025mm) showed remarkable
improvement in null behavieor and gain sensitivity ambient pressure changes
over GE erched copper laminates (dimensional repeatibility ~ 0.025mm)
(Reference 5). With this knowledee, GE ran a series of tests on devices
which had been experimentally optimized in a rather clever wayv. Faulty
laminates in a stack were identificd by testing for null behavior before
and after "fl{pping” of the laminate 180° about its longitudinal axis (Refer-
ence 6), Tn tiis wav, -rossly fanlty laminates were eliminated. Tests of
sensors so constructed (with amplification) were run with Bendix-fabricated
stainless and titanium laminates. Null shifts from 0.067 to 0.40 deg/sec Pa
supplyv pressure variation were cncountered. It is of interest to note that
there were measurahle differences {n those laminates held to the tightest
dimensional contreol rossible.

MPAC found that the rate sensors fabricated by CE exhibited exces-
sive sensitivity to environments of altitude, temperature, vibration, and
acoustics (Reterence M.  Also, large null shifts with supplv pressure were
experienced. Threshold, resolution, and drift did not seem to be problem
areas (at least {or the 25-1000 ©/sec svstems tested). MDAC also tested
Bendix titanium and stainless units. Yoise in the stainless units were
found to be significantly lower than either the copper or titanium units. A
null shift of “899/sec over a supplv pressure range of 1744 + 124 Pa was
measured.

A series of tests were performed by MDAC in an effort to optimize
the geometry of the laminar rate sensor (Reference 7). Control port width,
control edge width, splitter distance, receiver width, and aspect ratio
were systematically varied to optimize gain. Figure 3 illustrates the
geometry of the interaction region. Table I lists the range of parameters
tested by MDAC and those chosen as "optimum'",

The MDAC optimization tests were conducted at ambient temperature
with vents sonically isolated from the surroundings (Pvent = 210 kPa). All
of the planforms were etched by MDAC from 5-mil titanium, holding tolerances
to 0.005mm.




A summary of the performance of various laminar rate sensors, as
measured by MDAC, is presented in Table II. It is the opinion of this writer
that little confidence can be placed in the tests conducted by GE*, and,
thus, none are included in Table II. Also, the table does not include sensor
amplifier packages. Thus, the performance figures listed pertain only to
the sensor. Staged gain, noise, etc. could be quite different than the
listed values, and would depend vn the gain block design, etc. The numbers
in Table II should be viewed as optimistic values since they represent the
best performance numbers out of all tests run on the designated devices.

IT. PROBLEM AREAS

At this stage of its development, the laminar rate sensor has
several troublesome attributes. These are: (1) small signal levels; (2)
noise; (3) null sensitivity to changes in supply pressure; and (4) degradation
of performance with temperature change.

A. Small Signal Levels

As indicated in Table II, gains of laminar rate sensors are in the
0.08 - 0.30 Pa/(deg/sec) range with exact values depending on the planform
design and the operating conditions. Amplification on the order of ~ 5x10
is required to increase the signal to a useful level (~ 7 k Pa) for an angular
rate of 1 deg/sec. Such amplification can be accomplished fluidically without
introduction of extraneous noiseif proper attention is paid to staging and
manifolding techniques.

B. Noise

The noise levels given in Table II are, with the exception of the
stainless unit, too large for use in a 1 deg/sec system. It is believed that
the main sources of noise in a laminar rate sensor are the wall roughnesses
caused by the etching process. The Bendix-etched titanium and stainless
unitg had identical planforms with, ostensibly, identical dimensional repeat-
ibility ( ~0.003 mm); yet, the titanium unit had approximately 3 times the noise
of the stainless unit. Figure 4 depicts the signal output of a stainless
rate sensor fabricated at MICOM when operated at two different supply
pressures. The noise levels observed are of the same order as that given
in Table II for the Bendix unit. Also, the noise level (in equivalent deg/sec)
is lower at the lower pressure. Roughly, the output varies directly as the
supply pressure (i.e., as the square of the velocity) while the noise (as a
percent of the output signal) varies as the square root of the supply pressure.
(i.e., as the velocity).

*The reason for this lack of confidence is the accuracy of pressure measure-
ment employed by GE(~ 0.27 Pa) compared to that of MDAC (- 0.0013 Pa)., This
necessitated (noisy) fluidic amplification of the signals with no wav to
infer blocked port gain of the sensor alone. GE did run some tests at NADC
in 1975 (accuracy ~ 0.013 Pa); however, the controls on the rate table
burned out and the table had to be spun by hand with rate readings taken
from a tachometer.




The size of the roughnesses on the nozzle walls is difficult to
determine. No data can be found on the average roughness height for etched
metal laminates. lowever, there does exist some information on etching of
photoceramic materials. Fluidic devices etched from photosensitive glass
consist of cavities with a floor. The depth of the cavity 1is determined by
etching times. Van Tillburg (Reference 8) reports average roughness heights
of ~0.0004mm on the cavitv floors, btut the walls were found to have roughnesses
averaging ~0.0025mm. Since both were exposed to the same etchant, the rela-
tively rough walls must be the result of the technique (artwork, exposure,
etc.) used to transfer the planform pattern to the glass. The same technique
is utilized to prepare metail laminates for etching and it is reasonable to
suppose that metal laminates would have walls no smoother than the glass
walls. Thus, in the absence of better information, we assume that the
average roughness height on the nozzle is at least on the order of 0.0025mm.

C. XNull Shift

Perhaps the most serious deficiency of a laminar rate sensor
intended for use as a low angular rate sensing device is its null shift with
supply pressure changes. Figure 5 illustrates this behavior. As indicated
in the expanded curve (about the operating point), the slope of this curve
is rather steep. The output signal corresponding to a rotation of 1 deg/sec
is shown for comparison.

The exact shape of the null curve is a function of the fabrication
and assembly of the device. To jllustrate, Figure 6 shows the change in the
null curve accompanying a change in position of the individual laminates in
the stack (three 0.127mm stainless laminates). TFor identification, the lami-
nates are numbered from the top cover plate in the first case (1-2-3), curve
A in Figure 6. Also shown 1s the effect of rotating ("flipping') the center
laminate about its longitudinal axis (contrast curves C and D). The impli-
cation of this behavior is that, with the present state of the art in fabri-
cating etched metal laminates, the possibility of mass-producing sensors with
predictable and repeatable null behavior is remote.

If it is supposed that the null shift is due entirely to misalign-
ment of the downstream splitter, the angle of the jet with the centering of
the device should not change and one would expect the null shift to be propor-
tional to the dynamic pressure of the jet, i.e., to the supply pressure.
However, this behavior is not observed. Evidently, the angle of the jet does
change with supplv pressure. Two causes could effect such a change. First,
the separation points of the jet on either side of the nozzle could be slightly
different due to slight radius differences and/or roughnesses just upstream
of these points. Second, slight differences in nozzle wall roughness could
affect the entrainment rates on either side of the jet and cause it to bend.
In all likelihood, both effects are present to some extent. Each of these
effects would be functions of the nozzle velocity.

Separation of the jet from the nozzle walls can be analyzed if the
velocity profile at the nozzle exit can be estimated. Toward this end, con-
sider the nozzle illustrated in Figure 7.

It is assumed that the boundary layer on the wall has zero thickness
at the inlet to the converging section and, following Shearer and Smith

8




(Reference 9), the velocity profile within the boundary layer is taken to be
sinusoidal. Thus

A\

Vp = sin(éi) 2)

where Y denotes distance perpendicular to the wall, § is the nominal boundary
laver thicknes:s, and Vp is the potential core velocity. For the converging
section, from -~ontinuity

v, o= (3)

Vga denotes the average velocity at the nozzle exit. For the nozzle under
consideration (HDL design 3.1.1-005C:

WiB o= 4.63
S

a = 57°

Equation (3) thus becomes

v

v = sa
P 4.63-0.48 */B_ (4)
For the sinusoidal velocity profile, equation (2), it is notdifficult to
show that
® = 0.13668 (momentum thickness) (5
§* = 0.36348 (displacement thickness) (6)
and
T = 1.5708 UVP/G (shear stress) N
The von karman momentum integral equation may be written as
dv
T, 2 do P
= —_— 4 + 8%
o Vo (20 + 84V 4 (8)

Using :quations (4) - (7), equation (8) may be recast in the non-dimensional
form




* ®
oy B ) x 2
B S G RS F T () = L
1 st JAX / s aX 2 B N
40b3-0,437 /B (% (4.03—0.«8 /B ) s Rb
] s S
where XR‘ v . 5 . RKevanolds number based on nozzle width some manipula-
XD S s/
tion, equation (M mav he recast as
LUATAN ‘
)+ ~»-‘(~—R~!'Q) = 14.066-1.4 (1rm
“ ( Rb') P R 4. 066-1.458y
X X
where v o/ aad -
S

Fauation {1 is a first-order, linear, non-homogeneous differential
cquation which ¢an be solved with the aid of an integrating factor. Its
l solution is

9.20 [ 14 npna1 4
Nedow o (1=0.104,) SLeST an
RD i (1=0.10%)
) \ t
A numerical integration of vquation (I1) from (= 0 to + = 3.88 vicelds a

value of (Npht) at the inlet ro the neozzle throat of
A

No.o,oo= 60492

or

—- i ».548
\P. = e b (12)
N

t 7y N Rh .

Tquation (12) gives the displacement thickness at the entrv to
the throat of the nozzle. Schlichting's (Reference 10) solution for a

parallel plat channel (entry region) should hold in the threoat section.
Thus,

Feo= kv Cvetx YV (k = 1.72) (13

where fve is equivalent length defined as that approach distance required to
yield the displacement thickness given by equation (12) at x¢ = (0. Thus

2.548 _ | vtve
N Ny g2
sa S




or

,
tve o (3'5;“(“) = 2.195 (14)
S

The displacement thickness at the exit of the nozzle is thus

(2195 B+ «x
% - k‘-(_ 195 Bs kE)
E A
sa
or
S* . o
5 o — 5
. E _ ky3'57 .- z.-S (15)
s “Rb “Rb

for the nozzle under consideration.
If it is assumed that the boundary layers on the side walls and

end plates are equally thick, we can get an expression for the discharge
coefficient of the nozzle. 7The volume rate Q can be expressed as

Q = V. B H (16)

or, alternately, as

qQ = vsp(ss -2 5;)(}{- 2 5;) (17

where Vg, denotes the potential core velocity at the nozzle exit and H is the
height og the nozzle (i.e., the distance between the end planes). From
(16 and (17),

Vsa

Vsp 5* (18)
E

, OE 2k
(-25)(-55)
s s

where g = H/Bs. Expansion of equation (18), yields

v 6* 5*
_SP . _E ) ( 2 E )
v 1 + 2 B + . . . 1 + c B + . . .
sa s S
%*
1, %

1 +2(1 + E) E; + . .. (19)




. . ) X
If we neglect terms of order greater than (C/B ) we can get Lhe approximate
Y
oxpression

*
' 2 S f 20
o CLALED R a0 e 20
sa 3 17Rb
using equation {(19). The discharge coetfficient is simply the ratio of the

average velocity at exit to the potential core velocitv there. Thus,

Van L L D

" URb

The point of separation of the flow from the nozzle side wall can
be calculated (to within ~ 17) with Stratford's technique (reference 11);
(see Figure 8 for nomenclature). At the point of separation

la}

. ndep , 2
Cp [(x - sOSE = o (22)
where
)
v
cp = 1 - p/v'_’ (pressure coefficient) (23)
sp
X
' TR v 2
N - _ P = . - _'LP_.__O
% *m S ("gp) de = Pp T .45y CE (24)

x designates the development distance (zlong the wall) of the boundary laver
and X represents the minimun pressure point (point A in Figure 8); x, is
5.179 B for nozzle x' is the length of a flat plate required to develop a
blasiussprofile at point A with the same momentum thickness, Op, as the actual
boundary laver. The integral in equation (24) was evaluated using Walz'

approximation (Reference 10).
The pressure coefficient of the flow downstream of point A, up to

separation, can be found from the potential solution over the rear of a
cylinder. Thus,

\Y = V cos 't

and

C = 1 - cos” (= sin; '

{’)




thus,

dep L odr 2
/dy 2 sin f cos i = R sin 1 cos ! (26)

Stratford's equation (22) may now be written as

,,(x - x.n) X xl x-xp) (x--xl) 2
. - 0 . XX s ! . v -
sin -y sln( R cos = 0.0104 (27)

R

The term (x~x')/R in equation (27) is simplified as follows: From
equations (5) and (6),

o = 0. 5 2
. 0.376 5, (28)

Thus, from (24),

* 9
' \Y §. 7
- sp_E_
X *m 3.185v
or
*2
' X~ X A §
XX LU sp E
R R 3.185vR (29)

Equations (15) and (19) can be utilized to express equation (29) as

! X=X B
o= g o+ 3 E [1 + ———————6‘;0(“") ]
\Ngb

Substitution of equation (30) into (27) yields ( after a bit of manipulation)

(30)

B
Y + 3.317 =2 [1 + é;égiltgl] sin Y sin 2Y - 0.10198 = 0
s R 0~ NRb s s
an
X =X
where Ys z SR B | the angle of separation.

Equation (31) indicates that the separation point depends on the
Reynolds number and thus on the supply pressure. If both walls were of
exactly the same radius, the separation points would be identical and the jet
would remain centered. Consider, however, the situation depicted in Figure 9,
where there exists a difference in radii on either side, and a small error
A in the position of the centers of these radii. 1In this case, the jet will

13




make an angle 2 with the centerline of (Reference 12)

A + R, sin s, - R, sin T

PR (T cos 15 ) TR, (1 = eon Vey) (32)

£ = arctan

and this angle will depend on NRb

The effect of the jet angle 2 will show up as an output or null
shift. 1Tt is presumed that saturation of the LRS occurs when the jet is
deflected to tho roint where its § intercepts the center of one receiver port

(see Figure 10). This "saturation angle” is given by
v = arctan (f—~) (33)
‘R
for the MICod LRSS (with 5= 1.25), y = 2,684 deg.. The output associated

with deflection 8 will be

4]

JPo = K Ps — (34)

where K is the "gain"” of the device. TFigure 11 shows an input-output curve
for the LRS used herein. For this device

K = 0.77

Figure 12 is a plot of null output vs., supply pressure for the
LRS with the gain curve shown in Figure 11. The LRS was operated with both
control ports vented to ambient. The sensor was fabricated from five,
0.127mm stainless laminates (5 = 1.25), planform 3.1.1-005 C-mod.A. Utilizing
equation (34), the jet deflection angles were calculated at several points.
These angles are plotted in Figure 13, Also shown is a plot of jet deflection
angles calculated fromequations (31) and (32) with an assumed radius of
0.127mm on one wall and 0.114mm on the other. As indicated in the Figure,
the jet deflection angles calculated from separation considerations vary
only slightly with supply pressure (the analysis does not hold for Ps < 150 Pa
since it predicts boundary laver thicknesses > Bs/2 there). The jet deflec-
tion angle derived from the null output data, however, varies linearly with
supply pressure, except near Ps = 0 and beyond Ps = 200 Pa. Thus, although
some '"'steering" of the jet could be ascribed to the separation process at the
nozzle exit, this cannot account for the observed behavior.

The region downstream of the nozzle exit and up to the control

edge is illustrated in Figure 14, which also contains a calculated velocity
profile at Ps=249 Pa. At this point the boundary layer thickness is ~ 0.22mm,
which is large compared to the nozzle half-width of 0.254mm. The control
edge setback for this LRS is quite small, 0.032mm from the jet centerline.

At the conditions illustrated, separation is predicted at an angle Y; = 2.85
deg. 1If the edge of the jet were to be at this angle, the Figure indicates
that it would intercept the control edge (point P). It should be noted that

14
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Manion and Drzewiecki's analysis predicts a clearance between the control
edge and the entrainment streamline of -0,005mm for these conditions. It

is clear that significant interference effects could exist in this amplifier
because of the small control edge setback. Before ascribing the entire null
behavior to this interference, however, we should recall that the null
behavior of the optimum MDAC device was essentially no different from the
present unit, even though it had a relatively large setback which allows for
angles of spread ("11.79) approximately 5 times those of the present device
(72.4%9), Calculations have been made for the MDAC unit operating at Pg

= 1.87 k Pa, ¢ = 0.50, which indicate a jet spread angle of ~1.5 deg.

1t is clear from the foregoing, that the null behavior (i.e.,
shift) with operating pressure changes cannot be explained by changes in
separation on the nozzle walls, nor is it related to jet control edge
interference effects. The null shifts observed translate into jet deflection
angles 0.2 deg, approximately 10% of the angle required to saturate the
device but 7325 times the deflection encountered by the jet in a rotation of
1 deg/sec, i.e. ~0.00062 deg. (from equation (1)).

At a rotation rate of 1 deg/sec, the jet deflection of 0.00062 deg

translates into a lateral movement of 0.000lmm at the receiver ports. This

is a distance some 27 times smaller than the dimensional repeatibility possible
L in etching metal laminates. When viewed in this way, it is indeed surprising

that the LRS works as well as it does. These small distances suggest another
possible explanation of the cause of the null shifts. When viewed from the
receiver port, the nozzle appears as indicated in Figure 15. The walls are
not perfectly smooth. As the supply pressure increases, the velocity profile
flattens, the boundary layers on the top and bottom end plates become thinner, (
and those "layers" of fluid close to the plates exert an increasing influence
on the total dynamic pressure. The same behavior translates to the splitter-
receiver region where the momentum intercepted by the receivers is Increasingly
influenced (as supply pressure increases) by the fluid adjacent to the plates.
As these regions near the plates (nozzle and splitter) are "uncovered" they
can cause slight shifts in the momentum intercepted by the receivers. If the
roughness elements are on the order of 0.0003mm, it is conceivable that they
could effect strong enough changes to be measured.

Even if the walls were perfectly smooth, the metal planes could be
misaligned, as indicated in Figure 15 (ii), and the same effect would be
observed. There will always be some misalignment due simply to the dimen-
sional repeatibility of siting the alignment pin holes in the laminates.
Figure 16 illustrates how the null shift curve may be changed by shifting
the planes in a stack with loose fitting pins. Each successive curve was
run after loosening the clamping screws, tapping the cover plates, and then
retightening the screws. We have already seen in Figure 6, that shifting the
relative position of laminates in the stack, and "flipping'" them can drasti-
cally alter the null curve. Figure 17 filustrates the same effect for a
stack of five laminates with tight fitting pins. Seven curves are shown in
Figure 17; #1 is a reference configuration. Curve #2 is the null behavior
of the stack upon "flipping", {.e., rotating, 180° about the longitudinal
axis, of the entire stack. One would expect a curve identical to curve #1
with a polarity change; however, this does not occur. The only difference
between curves 1 and 2, other than polarity, is the vent flow which is allowed
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to pass through only one of the end plates, Curve 3 through 7 were succesively
derived by rolling the stack down one plane each time; curves 2 and 7 are
identical, as expected.

At this point, it might be conjectured that the null shift behavior
could be considerably improved if a LRS could be constructed from a single
laminate, and thereby eliminate the problem of plane-to-plane alignment. To
check this out, a null curve was run on a corning lx CD, 0.25mm proportional
amplifier. This amplifier was not intended to be a laminar proportional
amplifier, nor a rate sensor. However, by operating in the laminar regime,
we were able to get a rate signal (albeit small) and a null curve, which is
presented in Figure 18. Even here, a null drift with pressure is observed.

D. TEMPERATURE SENSITIVITY

As part of their evaluation program of fluidic laminar rate sensors
for the Naval Air Systems Command, MDAC (Reference 2) ran tests on laminar
rate sensors (supplied by GE) at -46C, ambient, 38C, and 74C. Gain and noise
were the two parameters most affected by temperature variations. A loss of
gain was experienced with elevated temperatures, while gain increases
were encountered at low temperature. Noise levels increased with both
extremes with the colder temperature producing the largest increase.

On the basis of their tests, MDAC found that gains could increase
as much as 1.5 times from ambient down to -46C (though all their tests did
not indicate this) and it could decrease by a factor of 3.5 from ambient to
74C. This behavior is expected since the dynamic pressure of the jet
decreases with temperature.

The increase in noise associated with increasing and decreasing
the temperature is difficult to explain, It is believed to be related to the
technique of temperature conditioning. Conditioning air was circulated around
the sensors during testing by a blower mounted in a remote temperature
chamber. The sensors were shielded from direct wind currents but they were
vented to ambient. In the presence of air flow, noise can easily feed through
to the vents of the sensor and show up in the output. Figure 19 illustrates
the effect of turning on a room-type air conditioner approximately 12 feet
from a test setup. Two effects are noted: (1) a long term drift which is
due to a cooling (temperature) effect, and, (2) an increase in noise due to
turbulent air flow over the test area from the circulating blower of the A/C
unit. The increase in noise observed by MDAC in their temperature tests is
believed to be of the same source.

The long term drift illustrated in Figure 19 {s a result of the change
of resistance with temperature of the dropping resistor upstream of the sensor.
With a change of temperature, this resistance changes, the supply pressure
changes, and the null drifts (see paragraph 3 above). This proved to be
somewhat troublesome in the course of one series of tests which were initiated
by energizing a normally-closed solenoid in the supply line. With the dropping
resistor downstream of the solenoid and being influenced by the heating effect
of the solenoid, the supply pressure drifted at the rate of ~0.025 Pa/sec
whereas, with the resistor upstream of the solenoid, this driftrate was
“0.013 Pa/sec. Using the slope of the null curve at the operating point,
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the predicted drift with time agrees verv well with the observed null drifts,
(Figure 20).

Gain change with temperature occurs primarily because of a change
in the dynamic pressure % ..v2, of the jet. As temperature increases, viscos-
ity increases and causes (for the same pressure drop) a decrease in velocity.
To maintain the dvnamic pressure constant as temperature increases, the
pressure could be increased. Hsueh (Reference 13) has shown that if the supply
pressure is made to vary as Ta+%, where o is the temperature exponent of
viscosity (0.71 > x < 0.5), the dynamic pressure of the jet will remain
essentially constant with temperature. It was also shown that the required
pressure variation could be implemented by placing an orifice upstream of the
nozzle with an area < one-tenth of the nozzle area. The only experiment
performed to date to verifv the theorv was performed by Hsueh on a nozzle.
The pressure on the nozzle does indeed increase with a temperature increase,
though it approaches the theoretical value for area ratios of 1/100 or less.
The effect on gain has not been experimentally verified.

The nozzles utilized in laminar rate sensors have areas ranging
from 0.129mm2, (0.508mm, =~ = ©* ~' to 0.323mm2 (0.508mm, o = 1.25). Compen-
sating orifices for these w0 7 .5 will range from 0.127 - 0.203mm diameter
at 1/10 area ratios. Th's ¢ . o'y afford partial temperature compensation.
In practice, however, vu:- © -~ ique could not be used because of the null
shift problem. To illus:yat for proper temperature compensation between
ambient and 74C, the prc- . . «t the nozzle would have to increase by

- 1.21
P74 . /273 + 74 s _
/Pamb = i\§7§j:?ﬁf) = 1,22 (a0 = 0.5)

an increase of 227%. Pressure changes of this magnitude would be manifested
as rather significant, and unacceptable, null shifts.

E. PRESSURE SENSITIVITY

In view of the sensitivity of null to supply pressure, it is impor-
tant to maintain accurate regulation of the pressure at the nozzle of a lami-
nar rate sensor. The setup used in the tests on the MICOM LRS is
illustrated in Figure 21.

To get an idea of the pressure regulation achievable, a series of
tests was run, some of the results of which are presented in Figure 22 which
illustrates the supply pressure vs. time upon manual opening of valve A.
Several pressure histories are illustrated. The initial pressure overshoot
and decay are apparently caused by the capacitance of the lines preceeding
the solenoid; one does not observe this behavior when cycling the solenoid
valve with the regulators loaded (Figure 23). As indicated in Figure 22,
the spread in the various curves is ~10 Pa. Undoubtely, some of the variation
is due to normal room temperature fluctuations between tests, though it is
hard to quantify the effect. Ignoring the temperature effect, we can conserv-
atively estimate the set point repeatability of the pressure regulation
scheme of Figure 21 as “10 Pa at a nominal operating point of 249 Pa, i.e.,
as t 27 of set point pressure. There is no reason to suppose that a special
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purpose regulator with the smae repeatability cannot be developed. The curve
shown in M{cure 23 illustrates a long term drift in supply pressure (70,0125
Pa/sec) which is beiicved to be a temperature effect on the supply resistor.
Also shown is the rapid response of supply pressure to opening and closing
the solenoid valve upstream of the LRS. As indicated above, the transient
associated with pressurization of the lines upstream of the regulators
(Figure 22) is not present,

Reference to Figure 5 illustrates the etfect of the supply pressure
set-point on t+. nressure regulation requirements, For the case illustrated
in Figure 5, -peracion of the device at a supply pressure of 143 Pa (i.e.,
at the 1lat spot of the null shift curve) would require a pressure regulation
of £ 5 Pa (: 3.57) to maintain null uncertainty of 0.50 deg/sec. If the same
device were operated at 162 Pa, however, pressure would have to be maintained
to = 0.33 Pa (* 0.27) to ensure the sume null uncertainty. In comparing the
null sensitivitics of different sersors, care must be taken that each is
operated at compirahble points on the null curve. MDAC (Reference 7) made the
claim that tneir "optimur unit' achieved an improvement of 2 orders of magni-
tude in null shi“t over the hendix-fabricated stainless unit. Closer inspec-
tion reveals, hovever, that MPAU was comparing its unit's operation at a flat
spot with Bendix unit's operution at a point removed from a flat spot, and
that, in fact, the improvement was indeed modest (see below and Table III).

Nell osenedt Ivitw to supply pressure changes, as conventionally
quoted, can he misleading. A more meaningful specification of null behavior
is the unit's sensitivitv to percentage regulation about the operating point.
Table IIT lists the sensitivities of several sensors in deg/sec, equivalent
signal, per + 27 of set-poirt pressure (the 2% figure is believed to be
presently achievable). As indicated in the table, the stainless units are
capable of holdire null to witkin 3.2/ sec (equivalen:t signal) if operated
at a flat spot on the null shift curve provided tne pressure is maintained
within - 27 of the set peint. 71t does not appear possible to hold the null
below "2/sec variation iY the units are not operated at a flat spot.

lable T1T does not incliude the null offsets and null behavior of
some of the early GE units since their outputs were extremely noisy. 1In
terms of equivalent rate signals, null offsets can be large but they are not
considered to be a problem since thew can be compensated by biasing in the
amplification chain dowustream of the sensor; also, some biasing can be
accomplished in the sensor itself (sce Section 1I1 below).

ITII. NULL BTASTNG TFCHNIOQUES

The null behavier of laminar rate sensors can be influenced to some
extent by controlling the pressure in the control ports or bv adjusting the
nozzle angle (with respect to the § of the unit). Several techniques have
been used, including:

(1) Control ports open to ambient

(2) Each control port blocked

(3) Control ports connected

(4) Fach control port vented through adjustable resistors
(5) Nozzle block cantilevered and adjustable
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Control ports biased from supply with adjustable resitors.
Sensor cantilevered about splitter-receiver and adjustable with
adjustable nozzle walls.

In their optimization studies, MDAC (Reference 7) ran null shift
curves on each of 24 units tested with techniques (1), (2), and (3) above.
In some units, there appears to be little difference between the three config-
urations, while in others, drastic changes in null behavior occur. No general
conclusions can be drawn about the relative merits of the three on the basis
of these tests. None of the three provides the opportunity of adjustment
which is considered desireable in view of the normal unit-to-unit differences
encountered.

CE utilized technique (4) to control bias. On the basis of their
experience with this approach, it cannot be recommended as practical. The
amount of flow entrained by the sides of the laminar jet in contact with the
control port is extremely small and exerts a proportionally small aspirating
effect. Apparently, the control port pressure is extremely sensitive to the
resistance and it is hard to set the desired bias. There is another disadvan-
tage to this approach; any noise delivered to the vent feeds through to the
control ports and is amplified thereby. This is believed to be the cause of
the noise problems experienced by GE in their attempts to amplify the output
of their sensors. The GE AW-12 amplifiers used downstream of the sensor are
notoriously noisy; their venting into the common manifold could have been the
reason that GE noted increases in the noise/signal ratio with the addition of
each stage of amplification.

A laminar rate sensor was constructed at MICOM which had an adjusta-
ble cantilevered nozzle section. By moving the nozzle transverse to the
centerline of the sensor, the shape of the null curve was considerably influ-
enced. It was found that the "flat spot'" on the null curve could be moved,
as indicated in the sketch of Figure 24, but that in other respects the null
shift with pressure was essentially unchanged.

Garrett has developed a rate sensor package for MICOM which utilizes
the principle of nozzle angle adjustment via cantilevering of the nozzle-
control port-vent region about the splitter area which is accomplished with
small set screws and is a bit easier than the caming arrangement used in
nozzle-block adjustments. Also included in the Garrett design is an adjustment
which deflects the nozzle wall.

All of the tests on the MICOM sensors in this report used individual
biasing of the control ports with adjustable orifices fed from the supply
pressure, as indicated in the sketch of Figure 25(i). Also, the vent was
collected and exhausted to ambient through an adjustable orifice. It seemed
advisable not to use linear resistors as biasing elements since their resist-
ances change with temperature; a null shift with temperature would be undesir-
able. 1In general, null offset can be adjusted, at any supply pressure, to
a desired value by individually adjusting the bias controls, or by changing
the vent resistance.

The equivalent circuit of the biasing scheme used is indicated in
Figure 25 (ii1). It is easily shown that the pressure difference across the
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control port is given hy

- ca
P A ‘ -_.,..RJ..A-,-. - . —....—.a]——-—R = SN
1 gi"> (Rc ) (35)
Rel o+ Ky (R&.'l Re2 + Rv\Rel
where
Re Rel + Re? + Ry« Ri2 (36)
and
Rel, Re2 T resistances of control biasing orifices
Rjl, Rj2 = jet-control cdge resistances
Rv = wvent resistance

Manion and Drzewiecki (Reference 12) have shown that the jet-control edge
resistance is preportivnal to the supply nozzle resistance, which is roughly
proportional to [Ps. The other resistances are orifice types and it can be
shown that each is also proportionai toyPs. Thus,

Rcl, Re2, Rjl, Rj2, RvawiiPs .
Thus, from (35)
APC oo Ps (37)
The control port pressure difference \Pc exerts a transverse force
on the jet exiting from the noozle at an angle 2. The effect is to reduce
(or increase) this angle and therbv to reduce (or increase) the output.
Consider the control volume indicated in Figure 26. The net force in the

Y-direction is APcaA, where A is the contrel port area. Using the momentum
equat ion,

v,=.r - )
~Fy m(\yout ‘vin (38)

Thus, -APcA = %(y sin F, -V _ sin y) (39
sa 1 sa

97
e
=
~
1]

Yhere 81 designates the angle of thie jet leaving the control volume,
m=pA_V
s sa

&




From equation (37),

2
APc " Ps TV T
sa

thus, equation (40) may be rewritten as,
~ R - A
81 R kl (41)

The output of the sensor will be proportional to £) and to the dynamic pres-
sure of the jet.

APs = k, C, Ps (8 - kl) 42)

R
Where Cr is a '"recovery" coefficient of the jet. CgR is expected to increase

with Reynolds no. (i.e., Ps) since the boundary laver thickness (at nozzle
exit) decreases. Assuming

where n(>0) is unknown. Thus

APo = k3 Ps“+1 [F(Ps) - kl] (43)

where B has been expressed as a function of Ps, f(Ps) (see Figure 13).

The rate of change of APo with Ps is given as

J(APo)  _ n n+l df
2 Pa = (n + I)k3 Ps (f - kl) + k3 Ps dps
(n+1) APo n+l df
e + k3 Ps dps (44)
From equation (44) it is noted that a flat spot (gégg- = 0) and a zero null

offset (AP = 0) can occur at the same point only when dB/dPs = 0. For the
unit illustrated in Figure 13, this point occurs near 225 Pa; at lower pres-
sures df/d8 # 0 and equation (44) indicates that we should not expect both a
flat spot and zero null offset at pressures below 225 Pa. Figure27 and 28
illustrate the effect (for a different unit than that of Figure 13). The
null curves in Figure 27 were generated by holding resistances Rcj, Rep
constant while varying Rv while those of Figure 28 were generated by holding
Rv constant while varying Rcj and Rcy. The same set of curves result with
either technique. The minimum of each curve moves toward Ps = 0 as the point
of zero null offset is decreased, whereas the maximum points increase. As
indicated, the device can be operated at a flat spot over a wide range of
supply pressures, but there is only one supply pressure at which both null
offset and slope are zero (275 Pa for the unit shown). For the planform




used in this study there exists significant interference effects between the
jet and the control edge at this pressure (see Figure 14).

Figure 13 indicates that at Ps < 200 Pa, B is roughly proportional
to Ps.

B8 = k4 Ps (75 Pa < Ps < 200 Pa)

Thus, we can write equation (43) as

,
tPo = kg pstte kg ps™tl (45)

From equation (45)

2L8P0) _ (1 4 23k ps™ - (n 4+ Dk, Ps® (46)
‘Ps 5 6
If Psy denotes the zero null offset pressure,
n+2 n+l
kS P52 - k6 Ps2 = 0
or
kg = kg Ps, (47) {
Designating the point of zero slope as Ps; equation (46) yields
n+l n
(n + Z)k5 Ps1 - (n + 1)k6 Ps; = 0 (48)
Using equation (47), equation (48) may be manipulated to yield
Ps
2 _ n+2
Ps1 T on+1 (49)
Ps
Equation 749) indicates that the ratio of Ps. should be a fixed value (see
1

Figure 29). Inspection of the null curves of Figures 27 and 28 show that
this is, indeed, the case and

P32
7S, - 1.54 (50)

for all curves having a zero null offset. From this it is inferred that

m = 0.818 (51)
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It should be noted here that the use of linear resistors to bais
the sensor could result in an improvement in the sensitivity of null output
to supply pressure.  Thus, if the resistances Rep, Rep, Rv were independent
of Ps, then, from equation (35)

3/2 .
JPe = ko(Ps) / (52)
and equation (43) wonld become

+ e
po =k e [rees) - T (53)

At low pressures, { = ky Ps and equation (53) indicates that “Po would still
be a function of Ps. The slope is (upon some manipulation)

“(4P0) (n + 1)4Po n+l df 1
= + 3 —— ==l
s Ps ky Ps dPs 2, Ps (54)

Equation (54) admits the possibility of coincident zero null and zero slope
points. It should also bhe remembered that linear resistors would bhe tempera-
ture sensitive and would cause the null to be temperature dependent.

IV. SIMMARY AND CONSLUSIONS

Laminar rate sensors fabricated with present state-of-the-art
techniques have several undesireable features including: (1) small signal f
output, (2) sensitivity of null to variations in supplv pressureg and (3)
sensitivity of gain to temperature. FEnough evidence is now on hand to indicate
that significant improvement in these areas will not result from further
attempts to optimize via simple geometric changes in the planform. Nor is it
likely that novel biasing techniques will be discovered to ameliorate the
difficulties.

Presentlyv achievable blocked-port gains of laminar rate sensors
fall in the range of 0.08 ~ 0.30 Pa/(deg/sec); staged gains can be as low
as 1/2 of blocked port gains. Fluid amplification (with all the attendant
difficulties of staging, manifolding, etc.) on the order of 5x103 is required
to increase the signal to a useful level.

Null sensitivity to supply pressure remains the most trci.'iesome
aspect of the laminar rate sensor. The effect cannot be attributed solelv to
, separation from the nozzle walls nor to interference between the jet and the
i control edge. Contributing factors are: (1) wall roughness; (2) plane-to-
plane alignment; and, (3) vent flow pattern asvmmetries. Significant improve-
ment in the null behavior is highly unlikely with the present method of
fabrication from stacks of etched metal laminates.

The sensitivity of a laminar rate sensor decreases with temperature.
Compensat ion for this effect by maintaining the jet dvnamic pressure constant
requires an increasing nozzle supply pressure. It appears that this can be
accomplished (at least partially). The procedure, however, would result
in significant nullshift (with the units presently available) and thus it
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cannot be cunsidered as a viable solution. At present, ther exists no tempera-
ture compensation scheme which does not also affect null.

The performance of a laminar rate sensor in a 1 deg/sec system is
likely to be marginal for the tollowing reasons:

(1) The transverse movement uf the jet due to a 1 deg/sec rotation is on
the order of = 0.075 x 10=3mm_ A surface finish with roughness elements
less than this would be in the supertfinish catagory. With the etched
laminates used at present surface roughnesses of © 2,5 x 10-3mm are likely.

(2) Noise levels of 0.3 - 0.6 deg/sec equivalent signal.

(3) Null sensitivity to pressure requires tight pressure regulation of
supply pressure. For * 27 regulation of supply pressure, null can vary
*+ 2.5 deg/sec unless care is taken to operate at a zero slope point. Null
variations at these flat spots is ~ 0.2 deg/sec for * 2% supply pressure
regulation.

(4) If the units are operated at a supply pressure where null offset is not
zero, null will be temperature sensitive.

It has been found that a simple biasing scheme using adjustable
orifices can be used to operate a LRS at a zero slope point over a range of
supplv pressures. Adjustable orifices (rather than linear resistors) are
recommended in order not to create a temperature-dependent biasing scheme.
There does exist one supply pressure at which both null and its slope are
zero (for the MICOM sensor) and, for reasons (3) and (4) above, biasing and
supply pressure should be adjusted to insure operation at this point., With
the present fabrication techniques, this is expected to require individual
attention to each unit built.

The integration of a LRS into a system will require attention to
isolation of the vent of the device from ambient (preferably via sonic
orifices). In addition, care should be taken to isolate the LRS vent from
other vents in the svstem (e. g. downstream amplifiers) to minimize noise in
the LRS output.




Table 1. MDAC OPTIMIZATION TESTS (Reference 7)
ITEM RANCE OPTIMUM UNIT
Control port width 1-8 Bq 6B
S S
Control edge width 1.5 -6 4 3.5 B
s
S
Splitter Distance 8-20 Bs 16 Bq
Receiver width 1-2 BS 1.5 BS
Aspect ratio N.25-1.,25 0.5
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TABLE T1. SUMMARY OF LAMINAR RATE SENSOR PERFORMANCE (1EST BY MDAC)
IDENTIFIC .S,S.._ LAMINATE GAIN NULL* NOISE | HYSTERESIS |{INFORMATION
| maTr. | THICKNESS [TOLERANCE (Pa/deg) SENSITIVITY (°/sec) (°/sec) SOURCE
A ) (mm) eld (mm) sec (deg/sec)/Pa (REFERENCE No.
(o]
GE-1000%/sec] cu 0.102 n.025 0.292 1.75 7 74 [2]
Bendix $-5 0.051 0.003 0.096 0.15 0.6 n.43 [2]
Bendix T4 0.051 0.003 0.089 1.55 1.8 4.5 [2]
é>o-?meL T4 n.127 0.005 0.110 .75 15 31 [7}
MDAC-Optimum | T1 0.127 0.005 0.088 0.07 8 16 (7}

*Null Sensitivity is here defined as the slope

supply pressure.

of the null vs. supply pressure curve near the operating
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By = Nozzle width

B. = Control port width
Br = Control edge width
Xgp = Splitter distance
Bh = Receiver width

Vent separator

Figure 3. Geometrv of interaction region of a laminar
rate sensor.
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Time - +H 25 sec|<

P
Gain ~ 0.0104 ——>—
deg/sec

Noise ~ 0,37 deg/sec
(1) Ps = 94.7 Pa

<«

0.02 Pa

Time - +}75 secl<
2 26—
Gain 0,02 dep/sec

Noise ~ 0.62 deg/sec
(ii) Ps = 240 Pa

Figure 4. Output of MICOM LRS, w = 1.15 deg/sec.

31




‘gz 1 = pi19anssaad L1ddns y3ym 33yYys TInN °*¢ 2inST4

(23e8 eg)sd

oo b——— -4 - 4 N

T |\ .\

v3s/8ap |

— [\

32

(ed) ©ogv
(ed) ogv




F

APo (Pa)
-

0 100 200
Ps(Pa gage)

Figure 6. Null behavior as a function of stack configuration, o = 0.75.
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NOMENCLATURE

Control port width

Receiver width

Nozzle width

Control edge width

Nozzle discharge coefficient
Pressure coefficient

Unspecified function
Nozzle height

Constants (defined in text, as used)

Gain
Equivalent flat plate boundary layer length
to produce a proper displacement thickness at

nozzle erit

Distance from nozzle to receiver

Mass flow rate
Exponent

Reynold's number V.. B /v
sa s

Control port pressure
Output port pressure
Supply pressure
Volume flow rate
Radius

Resistance of control bias orifice
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{ Rj Jet control edge resistance

Rv Vent resistance

te Time of flight of a particle from nozzle to
recelver

T Temperature

\ Velocity

Vp Potential core velocity

Vsa Average nozzle exit velocity

Vsp Potential core velocity at nozzle éxit

w Width at nozzle entry

X Boundary layer length

y Equivalent flat plate boundary layer length 1

to produce a proper momentum thickness at
nozzle exit

x Location of minimum pressure point
m
Xg Location of separation point
Xgp Nozzle-to-splitter length
y Distance perpendicular to wall
a, B, Y, ¥ Angles (defined in text, as used)
8 Nominal boundary layer thickness
*
s Displacement boundary layer thickness
AC) Difference
€ Centerline distance along nozzle
r Distance from center of receiver port to center

of splitter
u Viscosity

v Kinematic viscosity, u/p




@ Angular velocity
*

® : (52

p Density
3 o Nozzle aspect ratio, HIBs

T Shear stress

0 Momentum boundary layer thickness
H =
! X = X/Bg

Subscripts

( )E Nozzle exit

( )t Nozzle throat ]
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